Substantial experimental and theoretical efforts worldwide are devoted to explore the phase diagram of strongly interacting matter. At top RHIC and LHC energies, the QCD phase diagram is studied at very high temperatures and very low net-baryon densities. These conditions presumably existed in the early universe about a microsecond after the big bang. For larger net-baryon densities and lower temperatures, it is expected that the QCD phase diagram exhibits a rich structure such as a critical point, a first order phase transition between hadronic and partonic matter, or new phases like quarkyonic matter.
Probing QCD Matter With Heavy-Ion Collisions
High-energy heavy-ion collision experiments provide the unique possibility to create and investigate extreme states of strongly-interacting matter and therefore, address fundamental aspects of QCD:
• the equation-of-state of strongly interacting matter at high temperatures and high net-baryon densities,
• the microscopic structure and the properties of strongly interacting matter as function of temperature and baryon density, such as hadronic and partonic phases, the location of phase transitions and critical points,
• the in-medium modifications of hadrons which might signal the onset of chiral symmetry restoration.
The nuclear matter equation-of-state plays an important role for the dynamics of core collapse supernova and for the stability of neutron stars. In type II supernova explosions, symmetric nuclear matter is compressed to 2-3 times saturation density ρ 0 . These conditions are realized in heavy-ion collisions at beam energies around 1 A GeV, although the temperatures reached in nuclear collisions are higher than those in the core of a supernova. Heavy-ion experiments at BEVALAC/SIS18 discovered the collective flow of nucleons, and studied in detail the production of pions and strange particles. In particular, the data on strangeness production and on the elliptic flow of light fragments obtained at SIS18 provided evidence for a soft nuclear matter equation-of-state around twice saturation density. Moreover, pioneering studies of electromagnetic radiation from the fireball via the measurement of electron-positron pairs have been performed at the BEVALAC in order to obtain information on the in-medium properties of vector mesons. Precision measurements of di-electron production in proton-proton, proton-nucleus and nucleus-nucleus collisions have been and are being performed with the second generation HADES spectrometer at SIS18, unraveling the important role of baryonic resonances in dilepton production.
The experiments at BNL-AGS measured the yields and momentum spectra of various particle species in heavy-ion collisions, and established the scenario of an expanding thermalized source with a simultaneous Experiments at RHIC made three major discoveries in heavy-ion collisions at top energies: a large azimuthal anisotropy of particle emission in noncentral collisions (elliptic flow), the scaling of the anisotropy with the number of constituent quarks, and the suppression of high-energetic particles traversing the medium ("jet-quenching"). These observations have been interpreted as evidence for the creation of partonic matter.
In order to search for the QCD critical point and for the first order phase transition, the STAR experiment at RHIC performed a beam energy scan from top energy of √ s N N = 200 GeV down to √ s N N = 7.7 GeV (STAR Collaboration, 2014). It was found that the effects observed at high energies (elliptic flow, quark number scaling and jet quenching) more or less continuously disappeared with decreasing energy, and no indication for a critical point or a phase transition was seen. However, the data at low beam energies suffer from statistics, as the luminosity decreases strongly with decreasing beam energy.
At LHC, heavy-ion collisions were studied at an energy which is almost 14 times higher than the top RHIC energy. It was found, that the the charged-particle density at midrapidity in central Pb+Pb collisions is 2.2 times higher than in central Au+Au collisions at RHIC, and the initial energy density is about a factor of 3 higher (Kryshen et al., 2013). The fireball volume increases by a factor of 2 from RHIC to LHC, and the fireball lifetime by about 20%. The mean collective velocity of the transverse expansion of the fireball was found to be 10% higher at LHC than at RHIC. The LHC experiments confirmed the large elliptic flow measured at from RHIC, but did not reproduce its constituent quark number scaling for high transverse momenta. Moreover, a significant deviation from the thermal model has been observed by ALICE at LHC. A model with a chemical freeze-out temperature of T ch =164 MeV, extrapolated from the RHIC data, agrees with the particle ratios including multi-strange hyperons, but misses the p/π and the Λ/π ratios. The suppression of high-p T hadrons (jet-quenching) was found to be stronger (around p T ≈6 GeV/c) at LHC than at RHIC energies, slowly increasing at higher p T . The suppression of J/ψ mesons as function of participants is less pronounced at LHC than at RHIC, an effect which is interpreted as a consequence of regeneration of cc pairs at higher energies. The suppression of hidden charm due to color-screening effects was an early prediction for a signature of deconfinement. The measurement of proton-nucleus collisions at LHC resulted in a surprise: In high-multiplicity p+Pb collisions an elliptic flow pattern was observed, exhibiting a mass ordering for identified particles as function of p T similar to Pb+Pb in accordance with hydrodynamical models. The heavy-ion experiments at LHC will be continued after detector upgrades for measurements at higher luminosity.
At LHC and top RHIC energies, strongly interacting matter is created at very high temperatures and The first superconducting dipole magnet for SIS100 has been delivered, and a fast ramping superconducting SIS300 prototype dipole magnet has been successfully tested.
The CBM Physics Program
In central Au+Au collisions at FAIR SIS300 energies the nuclear fireball will be compressed to about 10 times saturation density ρ 0 , even at SIS100 energies (11 A GeV for Au beam) about 6 times ρ 0 is reached according to transport calculations. At such densities, the nucleons will start to melt and to dissolve into their constituents. This phenomenon is illustrated in Fig. 3 Moreover, we will measure the yields and transverse mass distributions of charmed mesons in heavyion collisions as function of energy (no data available at FAIR energies).
• Phase transitions from hadronic matter to quarkyonic or partonic matter at high net-baryon densities, and the critical point of QCD matter. We will measure the excitation function of yields, spectra, and collective flow of strange particles in heavy-ion collisions from 6 to 45 A GeV. Low statistics data are available from AGS, SPS-NA49 and from the RHIC beam energy scan. We will measure the excitation function of yields, spectra and collective flow of charmed particles in heavy-ion collisions from 6-45 A GeV (no data available). We will measure the excitation function of yields and spectra of lepton pairs in heavy-ion collisions from 6 to 45 A GeV at invariant masses up to charmonium (no data available). We will measure event-by-event fluctuations of baryons and strangeness in heavy-ion collisions with high precision as function of beam energy from 6 to 45 A GeV. Low statistics data have been measured by SPS-NA49.
• Hypernuclei, strange dibaryons and massive strange objects. Theoretical models predict that single and double hypernuclei, strange dibaryons and heavy multi-strange short-lived objects are produced via coalescence in heavy-ion collisions with the maximum yield in the region of SIS100 energies.
We will measure the decay chains of single and double hypernuclei in heavy ion collisions at SIS100 energies. Few events have been observed in reactions with K − beams. We will search for strange matter in the form of strange dibaryons and heavy multi-strange short-lived objects. If these multistrange particles decay into charged hadrons including hyperons they can be identified via their decay products (no data available).
• Charm production mechanisms, charm propagation, and in-medium properties of charmed particles in (dense) nuclear matter. We will measure open charm in proton-nucleus collisions at FAIR energies
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(no data available). Moreover, we will measure charmonium production in nucleus-nucleus collisions at different energies (no data available below top SPS energies).
The Compressed Baryonic Matter (CBM) Experiment
The CBM detector is designed as a multi-purpose device which will be able to measure hadrons, electrons and muons in heavy-ion collisions. The experimental challenge is to select rare events in nucleus-nucleus collisions with charged particle multiplicities of about 1000 per central event. In order to perform highprecision measurements of rare probes the experiment should run at event rates of 100 kHz up to 10 MHz.
Because of the complicated decay topology of particles like Ω hyperons or D mesons, no simple trigger signal can be generated, so the events have to be reconstructed and selected online by fast algorithms running on a high-performance computing farm. Therefore, the data readout chain is based on a free streaming frontend electronics which delivers time-stamped signals from each detector channel without event correlation.
The experimental challenge is to reconstruct and to select events at reaction rates up to 10 MHz which are required for high-precision charmonium measurements. The reconstruction algorithms are tuned to run at high speed on modern many-core CPU architectures. A sketch of the CBM experimental setup is shown in reconstruction efficiency is better than 95%, the momentum resolution is between 1 and 1.5% for momenta between 0.5 and 10 GeV/c. Track reconstruction, searching for secondary vertices, particle identification using time-of-flight information, and calculation of invariant masses is performed by a high-speed algorithm running on many-core CPUs. The First Level Event Selection (FLES) package is vectorized, parallelized and scalable, more than 1600 events/sec can be processed by a single computing node with 80 cores. The algorithm provides invariant mass spectra of strange particles and resonances like K 0 s , K * − , K * + , φ, Λ,Λ, Ξ − , Ξ + , Ω − , Ω + , Σ * − , Σ * + ,Σ * − ,Σ * + , Ξ * 0 ,Ξ * 0 , and others. Some of the results are presented in Fig. 6 . The CBM capabilities for dilepton measurements in central Au+Au collisions are demonstrated by the invariant mass spectra shown in Fig. 7 for low-mass electron-positron pairs, and in figure Fig. 8 for di-muon pairs. The simulations use the UrQMD code for background generation, and the HSD code for the yields of the signals which are imbedded in UrQMD events. The simulation and reconstruction of the electrons takes into account the information from the STS, RICH, TRD and TOF detector systems. The left panel of Fig.   7 depicts dielectron mass distribution for collision energies of 8 AGeV using 4 TRD layers, whereas in the right panel the distribution for 25 A GeV using 12 TRD layers is shown. Fig. 8 depicts the dimuon invariant mass distributions for collisions at 25 A GeV for the low mass region (A) and for the charmonium mass region (B). The simulations take into account information from the STS, the MuCh and the TOF detector. rare diagnostic probes such as multi-strange hyperons, charmed particles and vector mesons decaying into lepton pairs with unprecedented precision and statistics. Most of these particles will be studied for the first time in the FAIR energy range. In order to achieve the required precision, the measurements will be performed at reaction rates between 100 kHz and 10MHz. This requires very fast and radiation hard detectors, and a novel data read-out and analysis concept based on free streaming front-end electronics and a high-performance computing cluster for online event selection. The use of the most modern detector and computer technology is the prerequisite for a large discovery potential of heavy-ion collision experiments at FAIR energies.
